ABSTRACT: Nanowires of complex morphologies, such as kinked wires, have been recently synthesized and demonstrated for novel devices and applications. However, the effects of these morphologies on thermal transport have not been well studied. Through systematic experimental measurements, we show that single-crystalline, defect-free kinks in boron carbide nanowires can pose a thermal resistance up to ∼30 times larger than that of a straight wire segment of equivalent length. Analysis suggests that this pronounced resistance can be attributed to the combined effects of backscattering of highly focused phonons and required mode conversion at the kink. Interestingly, it is also found that instead of posing resistance, structural defects in the kink can actually assist phonon transport through the kink and reduce its resistance. Given the common kink-like wire morphology in nanoelectronic devices and required low thermal conductivity for thermoelectric devices, these findings have important implications in precise thermal management of electronic devices and thermoelectrics. KEYWORDS: thermal conductivity, nanowires, kinks, boron carbides, phonon focusing, phonon mode conversion B oron carbides, a class of ceramic materials with complex atomic structures and a wide range of carbon concentrations, 1 have been extensively used as abrasives, armor components, and neutron capture materials.
B oron carbides, a class of ceramic materials with complex atomic structures and a wide range of carbon concentrations, 1 have been extensively used as abrasives, armor components, and neutron capture materials. 2 One promising application of boron carbides is for high-temperature thermoelectric power generation, owing to their chemical stability and desirable figures-of-merit. 3 However, because of the enormous challenges associated with synthesizing high quality singlecrystalline boron carbides, almost all bulk samples are prepared by melting or hot-pressing, leading to polycrystalline samples with nonuniform grain sizes and numerous defects. 4, 5 As such, the measured properties are quite scattered, yielding limited understanding of the underlying transport physics. 6 Through extensive measurements of more than 50 single-crystalline boron carbide nanowires, we show how carbon concentration, diameter, and planar defects modulate the wire thermal conductivity. In particular, nanowires with defect-free and defective kinks show interesting kink effects on thermal transport. Given the recent success of synthesizing kinked nanowires in a controlled manner, 7−9 the observation of pronounced kink thermal resistance and interesting effects of defects in the kink provide novel mechanisms for tuning the thermal conductivity of nanostructures. Boron carbide nanowires, synthesized by low pressure chemical vapor deposition, 10 were characterized by highresolution transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectroscopy (EDS). Results show the existence of both axial and transverse faults (denoted as AFs and TFs, respectively, indicating planar defects parallel and perpendicular to the preferred wire growth direction, Figure  1a ,b), and the variation of carbon concentration between nanowires. After structural and compositional characterization, individual nanowires were subjected to thermal property measurement.
11−13
Since our boron carbide nanowires have complex structure and compositions, we first confirm that for nanowires of the same structure and composition, the measured thermal conductivities are identical. Figure 1c plots the thermal conductivity of three straight wires all of ∼50 nm diameter, ∼14% carbon, and with TFs. The data for these three wires essentially overlap with each other, indicating that the parameters considered include all major factors important for thermal transport in these nanowires.
Next we examine the effects of carbon concentration, wire diameter, and stacking fault orientation on thermal transport in these nanowires. Figure 2 plots the room temperature (300 K) thermal conductivity values of 21 straight boron carbide nanowires, of both axial and transverse stacking faults, versus the carbon concentration and wire diameter. It can be clearly seen that there exists a general trend of higher thermal conductivity for nanowires of higher carbon concentration and larger diameter. The available data for bulk polycrystalline boron carbides indicate enhanced thermal conductivity as the carbon concentration increases, which has been attributed to the more ordered atomic structure at higher carbon concentration. 14, 15 The thermal conductivity of boron carbide nanowires also follows this trend, as shown in Figure 2 and Figure S6a ,b, which present the thermal conductivity of AF and TF nanowires, respectively, as the carbon concentration changes in the whole measurement temperature range (see Section IV in the Supporting Information).
For nanowires of similar carbon concentrations, the thermal conductivity is higher for larger diameter wire, as can be seen from Figure 2 and more data in Figure S6c ,d for the thermal conductivity over the whole measurement temperature range. This observation suggests that phonon-boundary scattering also plays an important role in determining the thermal conductivity of these nanowires. Enhanced boundary scattering in smaller diameter wires helps to reduce the effective phonon mean free path, which leads to suppressed thermal conductivity.
In contrast to carbon concentration and wire diameter, no strong dependence of the wire thermal conductivity on staking fault orientation and/or density can be observed. In fact, a 78 nm AF wire has a higher fault density (10%) than a 59 nm AF wire (4%), yet the thermal conductivity of the larger wire is higher ( Figure S6c ), which suggests that planar defects do not play a major role in determining the thermal conductivity. In addition, AF and TF nanowires of similar carbon concentration and diameter have approximately the same thermal conductivity ( Figure S6e,f) , indicating a marginal effect of the fault orientation. These observations are consistent with the report 16 that, while there could be a big difference between silicon nanowires with and without planar defects, the thermal conductivity reduction becomes marginal as fault density increases beyond 0.088 nm , so it is reasonable that no strong dependence on the fault density is observed. In fact, since the average distance between neighboring defects is only a few nanometers, if the defects are important for the phonons that are responsible for thermal transport in these nanowires, the effective phonon mean free path should only be a few nanometers and no clear diameter dependence should be observed.
Next, we examine the effects of kinks. We have collected four groups of data that all indicate significantly reduced thermal conductivities for the kinked nanowires as compared to the straight ones, which are 15−36% lower at room temperature for different pairs of samples, as plotted in Figures 3a and S8a−c. This level of thermal conductivity reduction corresponds to a remarkable kink resistance. In fact, the 36% reduction in Figure  3a indicates that the kink poses a thermal resistance that is ∼30 times of a straight wire segment with a length equivalent to that of the kink center-line (∼80 nm). Importantly, TEM studies 
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Letter showed that the kinked regions in these samples are all singlecrystalline and defect-free, as shown in Figures 3b and S8d−f. Therefore, the reduced thermal conductivity cannot be attributed to low structural quality at the kinks; and it is indeed the kinked morphology, rather than other factors, that poses the remarkable thermal resistance.
Even though there are some variations with the sample carbon concentration, wire diameter, and length between the straight and kinked wires, the data demonstrate a general trend of higher kink resistance for larger diameter wires ( Figure 3c ). A possible reason for this is the more pronounced kink resistance as the boundary scattering from the wire surface weakens in larger wires. Since this is the first experimental demonstration of the kink resistance, we compare the kink resistance for unit cross-sectional area with the widely explored interfacial thermal resistance to provide a better picture of the kink effect. The kink resistance for unit cross-sectional area in Figure 3d also shows an increasing trend versus the wire diameter, and its value lies in the range of 1.59−5.20 × 10 ·K. This resistance is remarkable; in fact, the ITC is even lower than the values for most metaldielectric interfaces, such as Au/Si, Pb/Si, Bi/Si, Pb/diamond, and Bi/diamond, which take the advantage of the highly mismatched Debye temperatures to achieve an ITC as low as 8.5 MW/m 2 ·K. 17 We note that typical phonon-mediated interfacial thermal transport between dissimilar materials has an ITC lying in the range of (8.5−700) MW/m 2 ·K.
17−20
The pronounced kink resistance is truly unexpected, as previous reports have shown that bending carbon nanotubes 21 or backscattering from sawtooth nanowire boundaries 22 does not pose or only poses limited resistance to thermal transport. More importantly, the observation is not consistent with the prediction based on the common picture of phonon transport in nanowires, which treats phonons as isotropically propagating particles that experience diffuse scattering at wire surface.
23−25
In fact, this picture could lead to a slightly lower thermal resistance at the kink, as discussed later. In addition to defect-free kinks, we found some nanowires with kinks that have clear structural defects (Figure 4b,c) , which are oriented in parallel to the stacking faults in one of the legs. Intriguingly, measurements of three such nanowires all indicate that their thermal conductivity is actually higher than that of comparable nanowires with defect-free kinks, even though the value is still lower than that of straight wires of comparable structure and composition (Figure 4a ). It is wellknown that defects can scatter phonons and pose resistance to their transport. 26, 27 Therefore, the observation here is counterintuitive and falls into a regime where defects actually assist phonon transport.
While we have not seen any experimental studies of kink effects on thermal transport through nanowires, Jiang et al. 28 recently reported a molecular dynamics (MD) study on kinked silicon nanowires. Their results showed that for a wire of 1.1 nm in diameter with two 9.5 nm long legs on each side of a kink, the kink could reduce the thermal conductivity by ∼20% at 300 K. They attributed the reduction to a "pinching" effect that originates from the fact that atoms in the two sides of the kink vibrate in orthogonal directions for the same phonon mode. As such, phonons have to make mode conversions to transmit through the kink. Note that when using thermal conductivity reduction to measure the kink effect, the kink 
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Letter resistance is weighted by the total wire length. As such, comparing the 20% reduction from a kink of 1.1 nm in a 19 nm long wire (MD results) with the 36% reduction from a kink of ∼80 nm in a 4.3 μm long wire (Figure 3a) , our experimental data presents a kink resistance that is ∼7 times more pronounced than the MD prediction if we normalize the kink resistance with respect to the resistance of a corresponding straight wire segment of equivalent length.
To explain these puzzling observations, we first summarize several understandings from our results with straight nanowires since the phonon properties of boron carbides are not readily available. First, the intrinsic phonon mean free path should be much larger than the wire diameter since we see diameter dependence for nanowires with similar carbon concentrations. This is very reasonable because the measurement temperature range is much lower than the Debye temperature (∼1501 K for B 5.6 C); 29 and therefore, the excited phonons are of relatively long wavelengths, which normally correspond to longer mean free paths. Additionally, the complex crystal structures and planar defects can effectively scatter short wavelength phonons, which renders longer wavelength phonons more important in thermal transport.
Another important fact is that the dependence of the thermal conductivity on wire diameter is weaker than that of silicon wires (see Figure S7 in the Supporting Information). 11 Since the measured thermal conductivity increases monotonically with temperature, the weaker diameter dependence should not come from Umklapp scattering. Instead, it is more reasonable to attribute the less pronounced diameter dependence to the highly anisotropic elastic moduli of boron carbides (ranging from 64 to 522 GPa). 29 Elastic anisotropy is closely correlated with phonon focusing, resulting in crystallographic directiondependent phonon transport, 30 which can have important effects on thermal transport through nanostructures. 31 To consider the effects of elastic anisotropy, we constructed iso-energy surfaces by solving the Christoffel equations, 32 based on the Cartesian coordinate system corresponding to the nonprimitive hexagonal cell for a rhombohedral lattice commonly used in the studies of boron carbides. 29, 33 The intersects of the iso-energy surfaces with three orthogonal planes formed by the two orthogonal growth directions of the AF and TF nanowires (labeled as AF and TF), and an axis (labeled as ⊥) that is perpendicular to both AF and TF directions are then plotted (see Section VIII in the Supporting Information Section). Figure 5a ,b shows two such intersects for the 1 THz iso-energy surfaces with the two orthogonal planes both containing the TF direction, which indicate that phonon transport in boron carbides is highly anisotropic with phonons being focused into specific directions.
For nanowires, phonons focused preferentially along the wire growth direction could make larger contributions to thermal transport since they experience less boundary scattering, resulting in a weaker diameter dependence of the thermal conductivity. Figure 5a ,b indicates that a significant portion of phonons are aligned within a small angle with respect to the TF direction; and these phonons are the main contributors to the thermal conductivity of TF wires. The arrows indicate qualitatively the propagation directions of phonons. Similar 
Letter conclusion can be drawn for AF wires (see Figure S11 in the Supporting Information).
Armed with these understandings, we explore the kink resistance through a ray tracing-based Monte Carlo (MC) simulation of phonon transport through an "L"-shaped kink of 80 nm side length, which is compared with the case for a straight wire segment of 80 nm long, equivalent to the centerline length of the kink. In the simulation, we assume that phonons can only propagate within a certain angle (focus angle) from the axial directions as shown in the insets of Figure  5c . Moreover, we consider phonon reflection from the wire surface as diffuse within the allowable propagation angle but neglect three-phonon scattering, which is reasonable if the intrinsic MFPs are much larger than the wire diameter. Under this condition, 200,000 phonons, which represent the total amount of heat transfer, are emitted from a random location at the entrance with a direction randomly distributed within a focus cone and forced to transmit through the kink and the straight wire segment, respectively. The total travel distance of all phonons is calculated, which represents the resistance if the speed of sound is taken as a constant. Note that to enforce the fixed amount of heat transfer of 200,000 phonons, if a phonon comes back to the inlet, it is reflected back into the simulation domain but phonons are allowed to leave the exit. Figure 5c plots the calculated resistance of the kink and the straight segment, both normalized to the resistance of the straight segment under the fully diffuse condition, i.e., a focus angle of 90°. For fully diffuse transport, the resistance of the kink is actually less than that of the straight segment. However, as the focus angle reduces, the resistance of the straight wire segment drops because of diminishing phonon-boundary scattering. In contrast, for the kink, its resistance increases rapidly as the focus angle reduces, which is a direct result of back reflection of phonons to the inlet. These opposite trends of the resistance clearly show how back reflection of focused phonons can lead to a remarkable kink resistance in boron carbide nanowires. Figure 5c indicates that at a focus angle of 30°( corresponding to a focus cone with an apex angle of 60°), the kink has a resistance that is ∼7.4 times of the corresponding straight wire segment, which is still much less than the ∼30 times from the experiment. This is because by allowing all phonons reaching the kink exit to leave the simulation domain, we neglect the resistance associated with mandatory mode conversion as demonstrated by the MD simulation. 28 The phonons leaving the kink are not necessarily focused along the axial direction of the downstream leg and still need to undergo mode conversion 28 to become phonons focused along the axial direction in that leg, which poses additional resistance as discussed in ref 28 .
The above analysis suggests that for highly focused phonons to enter the opposite leg of a kink, they have to undergo scatterings to make the turn. As such, more scattering events in the kink will help to change the phonon propagation direction and reduce the kink resistance. This hypothesis is strongly supported by our observation from the wires with defective kinks, which have a smaller resistance than defect-free kinks.
In summary, we observed remarkable thermal resistance at the kinks in boron carbide nanowires, which is attributed to the combined effects of backscattering of highly focused phonons and the required mode conversion. Importantly, we demonstrate that defects, instead of posing resistance, facilitate phonon transport through the kink by scattering phonons into the opposite leg. These discoveries provide insights into phonon transport through kinks or bends in nanostructures and a novel mechanism to engineering thermal conductivity. Given that several high-performance thermoelectric materials, such as Bi 2 Te 3 34 and SnSe, 35 are also of strong elastic anisotropy and possess highly crystallographic direction-dependent thermal conductivity, introducing kinks in nanostructured Bi 2 Te 3 and SnSe could further reduce their thermal conductivities and enhance thermoelectric performance. Our findings also have important implications in precise thermal management of nanoelectronic devices given the ubiquitous kink-like wire morphology in nanoelectronic circuits.
Experimental Section. Electron Microscopy. Scanning electron microscopy (SEM) examination was conducted with a Raith eLine and a Merlin Zeiss scanning electron microscope. TEM studies of individual boron carbide nanowires were carried out using a JEOL JEM-2100 LaB 6 transmission electron microscope operated at 200 kV acceleration voltage with a point resolution of 0.23 nm, a lattice resolution of 0.14 nm, and a specimen tilting range of ±30°in both X and Y directions. The fault density of as-synthesized AF nanowires was extracted from HRTEM images by dividing the number of total atomic planes with the number of faulted planes along the transverse growth direction of a nanowire. The carbon concentration of each individual nanowire was measured by EDS with an Oxford Instruments INCA EnergyTEM 250 Microanalysis System. This system has a super atmospheric thin window X-ray detector, which is capable of detecting boron. The quantified carbon concentration is expressed in atomic percent.
Thermal Conductivity Measurement. Thermal measurements were conducted in a cryostat (Janis-CCS 450) under a high vacuum level (<1 × 10 −6 mbar) with dual radiation shields. The shields, with the inner one mounted on the sample holder directly, were installed to minimize the effects of radiation. 36 The background thermal conductance between the suspended membranes was measured separately and subtracted from the measured thermal conductance of the sample. 37 For all samples, the contacts between the nanowire and the suspended membranes were treated with electron beam induced deposition (EBID) of platinum (Pt) to minimize the contact thermal resistance. Since these boron carbide nanowires have significant Seebeck effects, 3 we have verified by measuring the Seebeck coefficients from different sets of electrodes and found that the Pt deposition could reduce the contact thermal resistance to a negligible level, following the approach demonstrated by Mavrokefalos et al. 38 (see Section I in the Supporting Information) ■ ASSOCIATED CONTENT
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